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, related to figure 3. Ca 2+ increases induced by the CCE protocol
To directly monitor the effects of ATP and CCE on the mitochondrial Ca 2+ , CHO cells were transfected with the mitochondrial Ca 2+ sensor 4mtD3cpv (Giacomello et al., 2010 To test whether the greater effectiveness of CCE in comparison to ATP in eliciting a mitochondrial cAMP response (see Fig. 3 ) depends simply on the time course of the calcium signal, or, on the contrary, on the calcium source (release from stores versus entry), we used CGP 37157, a potent inhibitor of the mitochondrial Na + /Ca 2+ exchanger (mNCX). We performed imaging experiments with the usual CCE protocol (ATP/TBQ in 0 Ca 2+ /EGTA 100 µM, then reintroduction of external Ca 2+ ) on 4mtH30_E4 cells, 5 minutes after having challenged them (or not) with 5 µM CGP 37157.
Panel B shows a typical control trace of intramitochondrial [Ca 2 ] changes recorded in a cell expressing 4mtD3cpv, demonstrating that 5 minutes of CGP 37157 treatment are sufficient to clearly increase the duration of the response to ATP. The corresponding experiments conducted on 4mtH30_E4 cells (panel C) reveal that, in the presence of the mNCX blocker, the cAMP response to ATP (and also to CCE) is clearly increased (and very slowly reversible, not shown).
The experiments on 4mtH30_E4 cells are summarized in panel C. The most commonly used sAC inhibitor is KH7, a benzimidazole derivative. Addition of 50 µM of KH7 caused a paradoxical effect consisting in a large ∆R/R 0 change, mimicking a cAMP increase.
At a concentration of 10 µM, we observed, in some cells, a clear inhibition of the effect of CCE on ∆R/R 0 , but in many others we still observed very pronounced ∆R/R 0 increases. Most relevant, the ∆R/R 0 changes elicited by KH7 were due to a dramatic decrease of YFP emission, with a relatively small increase in CFP emission (panel A, inset). In addition we noticed that, if the cells were illuminated at 500 nm (that excites only YFP), there was a clear and strong decrease of YFP fluorescence emission. These are the typical effects observed with H30 or similar probes upon strong acidification. To further clarify this issue, we performed imaging experiments on 4mtH30_E4 cells loaded with the potentiometric fluorescent dye tetramethyl rhodamine methylester (TMRM).
Cells were illuminated with alternated light pulses at 430 nm and 540 nm, to simultaneously follow the fluorescence behavior of the 4mtH30 sensor and mitochondrial potential. KH7 caused a rapid and complete collapse of mitochondrial membrane potential, that, in fact, was not further affected by the uncoupler FCCP (panel B), On the contrary, 2-OHE, at the concentration tested, had no effect on membrane potential. In conclusion, KH7 acts as a classical mitochondrial uncoupler, causing matrix pH acidification and membrane potential collapse. These data suggest that any conclusion previously reached with this drug must be carefully reconsidered. As discussed above for KH7, a potential pitfall of all the measurements with CFP and YFP based sensors is the effect of local pH changes, which can mimic or reduce the FRET changes. In particular, using the H30 cAMP sensor, alkalinization mimics a cAMP drop and acidification a cAMP rise. We thus measured, in parallel to cAMP levels (see main figures), the matrix pH using the pH sensitive probe mtAlphi: IBMX, EHNA and the sAC inhibitor 2-OHE had no appreciable effects on matrix pH (panels A-C). Sustained Ca 2+ increases elicited by CCE produced, in the large majority of cases, a small alkalinization, whereas transient Ca 2+ increases due to ATP stimulation had either no effect or, again, induced a small alkalinization (panel D). The small alkalinization caused by Ca 2+ uptake, if anything, would mimic a drop in cAMP. We then tested the HCO 3 -effect on matrix pH (panels E-F). As expected, mtAlpHi, transiently expressed in CHO cells, responds to the matrix acidification due to 30 mM Na-acetate, NaAC, with a drop in the fluorescence emission intensity, whereas the alkalinization caused by 30 mM NH 4 Cl induces a brightening of the signal (see also (Cano Abad et al., 2004) . On the contrary, addition of 50 mM NaHCO 3 results in a pH decrease corresponding to 20-30 % of that due to 30 mM NaAc (E). Panel F represents typical traces obtained from mtAlpHi-expressing CHO cells challenged with the mitochondrial uncoupler FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone), 2 µM) with 30 mM NaAc or with 50 mM NaHCO 3 . The FCCP effect, that completely dissipates the ∆pH between matrix and cytosol, is long lasting, and reversible only upon washing away the drug (not shown), whereas NaAc has a strong effect, that partially reverts spontaneously. The acidification due to NaHCO 3 , instead, is not only lower than that due to NaAc, but completely reversible in about 5 minutes. Conversely, the 4mtH30 ∆R/R 0 change upon HCO 3 -addition, results in a sustained cAMP response lasting for up to 30' (see Fig. 4C ). The effect of NaAc and FCCP on 4mtH30_E4 cells was also investigated. With either treatment an apparent increase in cAMP was observed (not shown). Taken together, these results suggest that the ∆R/R 0 changes due to HCO 3 -detected by 4mtH30 are a combination of a cAMP rise and a matrix acidification. To overcome the pH sensitivity of 4mtH30 we also measured FRET changes in CHO transfected with a different cAMP sensor, 4mtH90 (see figures 4E and 4F).
This latter probe contains cpVenus in place of EYFP. As Venus displays pK a = 6.0, whereas EYFP in the same experimental conditions shows pK a = 6.9, Venus is much less pH sensitive than EYFP within the physiological pH range (Nagai et al., 2002) , and the H90 sensor is predicted to be less pH sensitive that H30 (van der Krogt et al., 2008) . The effect of NaAc on ∆R/R 0 changes recorded in 4mtH90 transfected cells (not shown) was, in most cases, negligible (∆R/R 0 ~ 1%).
Overall we conclude that HCO 3 -does elicit a cAMP increase inside mitochondria, as: in the first 5 minutes, and by 30% after 10 minutes.
ii) the response to HCO 3 -in terms of cAMP is larger compared to that elicited by NaAc ;
iii) IBMX, that does not affect mitochondrial matrix pH, causes an additional increase of the FRET response to HCO 3 -(see co-transfected with trsAC and siRNAs. Cells were harvested 48 hours after transfection, total mRNA was extracted and the t-sAC mRNA expression was tested by quantitative Real Time PCR, using specific primers for sAC and normalized for β-actin mRNA expression (panel B). The silencing of the overexpressed trsAC markedly reduced (~90%) the trsAC mRNA level, whereas the transfection with control siRNAs had no effect. When sAC was not overexpressed, the mRNA level in silenced cells was hardly different from background. an increased mitochondrial calcium level and an increased beating frequency. (B) NE has no effect on mitochondrial Ca 2+ in myocytes maintained in a calcium-free solution, thus not beating.
Supplemental experimental procedures
Cell culture, transfection and silencing CHO and HeLa cells were grown in Ham's-F12 and DMEM, respectively, containing 10% FBS supplemented with 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified atmosphere containing 5% CO 2 . Stable cell lines 4mtH30_E4 and 4mtD3cpv were selected with G418, sorted for the presence of CFP and YFP, and maintained in complete Ham's-F12 supplemented with G418 (400 µg/ml). For transient expression, cells were seeded onto 24mm-diameter round glass coverslips (for imaging), or in 24-well plates (for ATP measurements) and transfections were performed at 50-70% confluence with Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer instructions, using 3 μg of total cDNA per coverslip, or 0.6 μg of total cDNA per well in 24-well plates. Imaging and ATP measurements experiments were performed after 24-48 h from transfection.
To achieve selective knockdown of sAC, we designed a couple of double-stranded 21-mer RNA duplexes (Sigma), HMR1 and MR2, targeting two regions (bp 536-554 and 900-918) of the coding sequence of the Rattus norvegicus sAC (NM_021684.1). These regions are highly conserved between rat, mouse and human.
100 pmol of each siRNA and 2 μg of total cDNA per 24 mm-diameter coverslip (or 20 pmol siRNA and 0.4 μg of of total cDNA per well in 24-well plates; or 500 pmol siRNA and 15 μg of total cDNA per 10 cm-diameter dishes) were added to the cells for 4-6 hours. As control for silencing MISSION siRNA Universal Negative Control #1 (Sigma) was used. Experiments were performed after 48 h from incubation with siRNAs.
To achieve selective knockdown of MCU, the siRNA-MCU#1 and the scrambled siRNA (De Stefani et al., 2011) were kindly provided by R. Rizzuto's lab (University of Padua). 2mtEpac1-cAMP, 4mt-Epac1-cAMP, 4mtH30, 4mt_trsAC, 4mt_mCherry_PKI and 4mtPKI (all in pcDNA3) were generated by fusing to the N-terminus of Epac1-cAMP, of H30, and of the cDNAs coding PKI, mCherry_PKI and trsAC, two or four copies of the mitochondrial targeting sequence from subunit VIII of the human cytochrome oxidase (COX), using HindIII restriction sites. mCherry_PKI was generated by introducing mCherry at the N-terminus of PKI using HindIII and BamHI restriction sites. 4mt_trsAC_RFP was generated by fusing mRFP at the C-terminus of 4mt_trsAC, using NcoI and XbaI restriction sites.
Constructs generation

Characterization of sensors localization
To assess whether the newly generated cAMP sensors are bound to the outer mitochondrial membrane (OMM), trapped in the intermembrane space, or as predicted by the targeting sequence, selectively localized in the matrix, cells were permeabilized and treated with proteinase k, that cleaves proteins located on the cytoplasmic surface of the OMM, and the GFP quencher trypan blue, that is OMM-permeable and would reduce GFP fluorescence in the intermembrane space, but not in the matrix (Giacomello et al., 2010) . Neither proteinase k nor trypan blue affected significantly the fluorescence of the mitochondrial cAMP sensors, confirming that the recombinant proteins are selectively trapped in the matrix (not shown).
RT-PCR
Total mRNA was extracted from CHO cells using the TRIzol reagent (Invitrogen), following manufacturer instructions. An aliquot of total RNA was retro-transcribed by Superscript II (Invitrogen) to generate cDNAs. The mRNA for the truncated splice variant of sAC (t-sAC) was amplified with the following primers:
The obtained PCR product (1411 bp) was subjected to electrophoresis on agarose gel; the corresponding band was excised, purified from agarose and sequenced.
Total mRNA was extracted, 48 hours after transfection, from wt CHO cells, or CHO incubated with the HMR1-MR2 siRNAs couple, or CHO co-transfected with cDNAs and the siRNAs couple. The RNA was controlled for its quality by electrophoresis on agarose gel, and quantified with a ND-1000 spectrophotometer. From 3 µg of total RNA complementary DNA was generated by using SuperScript II. sAC mRNAs expression (all splice variants) was tested by quantitative Real Time PCR using the Platinum SYBR Green qPCR SuperMix-UDG, and normalized for β-actin expression. Identity of the amplification products was confirmed by their dissociation profiles. Realtime PCR standard curves were constructed by using serial dilutions of pooled cDNAs, using at least four dilution points; the efficiency of the primer pairs for sAC and  -actin resulted, respectively, of 99.7% and 99.8%. Real-time PCR primer sequences were as follows:
sAC_fwd 5'-TGTTTGATAAGGGCTGCTCC-3' sAC rev 5'-ATCGTATGTGACAGAGTCGC-3'
β-actin_fwd 5'-CTATGACGTGCCTGACGGTC-3'
β-actin_rev 5'-AGTTTCATGGATGCCACAGG-3'
The sAC primers pair targets, respectively, bp 1316 to 1335 and bp 1586 to1605 of the Rattus norvegicus sAC mRNA(NM_021684.1); these two sequences match, respectively, a sequence encompassing exons 8 and 9, and a sequence internal to the exon 11 of the coding mRNA, and amplify a product of 290 bp. The β-actin primers pair targets, respectively, bp 795 to 814 and bp 890 to 909 of the Rattus norvegicus β-actin mRNA (NM_031144.3), and amplify a product of 115 bp.
Composition of solutions for imaging experiments
FRET CCE experiments: Hepes-buffered Ringer modified saline (125 mM NaCl, 5 mM KCl, 1 mM Na 3 PO 4 , 1 mM MgSO 4 , 5.5 mM glucose and 20 mM Hepes, pH 7.4) supplemented with CaCl 2 (2 mM) or, alternatively, EGTA 100 µM (Ca 2+ -free conditions)
FRET HCO 3 experiments, in wich 50 mM NaHCO3 is added during the experiments: Hepesbuffered Ringer modified saline (75 mM NaCl, 5 mM KCl, 1 mM Na 3 PO 4 , 1 mM MgSO 4 , 5.5 mM glucose and 20 mM Hepes, pH 7.4) supplemented with CaCl 2 (2 mM) or, alternatively, EGTA 100
µM (Ca 2+ -free conditions).
Mitochondrial pH variations experiments, in wich 30 mM NaAc or NH 4 Cl are added during the experiments: Hepes-buffered Ringer modified saline (95 mM NaCl, 5 mM KCl, 1 mM Na 3 PO 4 , 1 mM MgSO 4 , 5.5 mM glucose and 20 mM Hepes, pH 7.4) supplemented with CaCl 2 (2 mM)
